We have determined the nucleotide sequence of a cDNA clone, pcHTS-1, encoding human thymidylate synthase (5,10-methylenetetrahydrofolate: dUMP C-methyltransferase, EC 2.1.1.45) which was previously isolated from a human fibroblast expressible cDNA library and functional in mouse cells. The 1.6 kilobase cDNA insert of pcHTS-1 encodes a subunit protein of 313 amino acid (Mr=35,706) and its predicted amino acid sequence is highly conserved in many regions including folylpolyglutamate and 5-fluoro-2'-deoxyuridylate binding sites, when compared with those of Lactobaciilus easel, Escherichia coli, and bacteriophage T4. The cDNA contains in its 5'-untranslated region a triple tandemly repeated sequence consisting of 90 nucleotides, which starts immediately upstream of the ATG initiator codon, is very high in G+C content (80%), and can form three possible interconvertible stem-loop structures.
INTRODUCTION
Thymidylate synthase (5,10-methylenetetrahydrofolate: dUMP C-methyltransferase, EC 2.1.1.45) catalyzes the conversion of deoxyuridylate to thymidylate. The enzyme in eukaryotic cells is of particular interest not only for its pivotal role in DNA biosynthesis in relation to the cell cycle (1, 2) , but also for its involvement in induction of DNA double-strand breaks (3) and heritable fragile sites associated with mental retardation (4) and possibly with certain chromosomal rearrangements in neoplastic cells (5) (6) (7) . To determine the structure of the thymidylate synthase gene and the regulation of its expression at a molecular level, we recently cloned genomic DNA segments partially encoding human thymidylate synthase from a mouse cell transformant into X phage vector (8, 9) , and more recently isolated seven cDNA clones specifying human thymidylate synthase (10) from a human fibroblast cDNA library constructed by Okayama and Berg (11) . Two of them were shown to have activity to stably transform mouse thymidylate synthase-deficient cells by expressing human thymidylate synthase (10) . The present report describes the nucleotide sequence of the 1.6 kilobase cDNA in one of the clones, pcHTS-1, which encodes a subunit protein of 313 araino acids and contains a unique tandemly repeated sequence in the 5'-untranslated region. The predicted amino acid sequence as the first eukaryotic case was compared with those of prokaryotes.
MATERIALS AND METHODS

Enzymes, Chemicals and Strains
Restriction endonucleases were purchased from Takara Shuzo (Kyoto, Japan) and New England BioLabs. T4 DNA ligase was obtained from Boehringer-Mannheim.
[a- 32 Plasmid DNA of a cDNA clone pHTS-1 (10) was prepared from chloramphenicolamplified cultures by detergent lysis (12) . DNA restriction endonuclease fragments were purified by agarose gel electrophoresis and recovered from the agarose by the glass powder method (13) . DNA Sequence Analysis A 1.9 kilobase Xhol fragment containing the cDNA insert was isolated in high purity from the )>hol digest of pcHTS-1 DNA. The Xhol fragment was digested with restriction endonucleases, Sau3A, Alul, and PstI, and the resulting fragments were subcloned into an appropriate site of M13 vectors using H13 Cloning Kits according to the method of Messing (14) as described in the "Ml3 cloning and sequencing handbook(Amersham)". The cloned recombinant M13 phage DNAs were sequenced by the dideoxy chain termination method (15) using thin acrylairrlde gels (16), as described in the same handbook. Homologous and complementary regions in DNA sequences were examined using the computor program of Queen and Korn (17) .
RESULTS AND DISCUSSION Nucleotide Sequence
A human thyinidylate synthase cDNA clone pcHTS-1 which was functional in the thymidylate synthase-negative mouse cells (10) was subjected to sequence analysis. The restriction map of pcHTS-1 indicated that a 1.9 kilobase fragment excised from the plasmid by Xhol digestion contained an entire cONA insert corresponding to human thymidylate synthase mRNA (10) . The nucleotide sequence of the JChoI fragment was determined by the dideoxynucleotide chain Fig. 3 , the amino acid sequence has been highly conserved during evolution from bacteria to man. Surprisingly, the homology between the human and bacterial amino acid sequences is comparable to that between the prokaryotes (53X between man and £. coli and 60X between ^. coli and I. casei). In addition, the T4 phage synthase shows about 482 horaology with both the human and £. coli enzymes.
In contrast, the amino acid sequence homology of the dihydrofolate reductase of man (23) and £. coli (24) is only 251. Comparison of the amino acid sequences of human and prokaryote thymidylate synthases shows that the human enzyme has about 30 extra amino acid residues in the NH^-terminal region (Fig. 3) . The region thereafter is rather conserved, inducing some sequences that are exactly the same in all four species; j^je. seven tripeptides, one tetrapeptide and one octapeptide, as specified in Fig. 3 . One of these sequences, Thr-Thr-Lys (amino acid positions 75-77), is included in the region identified as folylpolyglutamate binding sites in J_. casei thymidylate synthase (25) . Another conserved tripeptide sequence, Pro-Cys-His (amino acid positions 194-196), contains Cys-195 which is known to bind 5-fluoro-2'-deoxyuridylate (21, 22) . The other conserved sequences must also be essential for thymidylate synthase activity.
Untranslated Region
The 5'-untranslated region of human thymidylate synthase mRNA has unique structural features (Fig. 4) : First, the G+C content of this region 1s very high (80%), compared with those in the same region of known mRNA sequences (26) . Second, it contains triple tandemly repeated elements Immediately upstream of the ATG initiator codon. Two of those elements have exactly the same 28-base sequence and the third element has the same sequence, but with a six-base Insertion and a one-base substitution (Fig. 4) . This structure is not present in the S'-untransla^d region of any other eukaryotic mRNAs, including the housekeeping and non-housekeeping mRNAs listed 1n ref. 26, or prokaryotic mkNAs (21, 24, 27, 28) including Escherichia coli thymidylate synthase mRNA. Third, each element of the tandem repeats contains the sequence CGCCGCG (Fig. 4) It remains to be investigated whether this unique structural feature has functional significance. The tandemly repeated structure may not be an artifact formed during cDNA cloning, since other independently isolated cDNA clones, pcHTS-2 and pcHTS-3 (10), also have exactly the same nucleotide sequence as that of pcHTS-1 in their 5'-untranslated regions, except that pcHTS-3 lacks 10 base pairs at the 5'-end of pcHTS-1 (unpublished data). It is also noted that the plasmid pcHTS-1 is a functional cDNA clone, as mentioned earlier, and the length of the 5'-untranslated region is not unusual (20) and that hypoxanthine-guanine phosphoribosyltransferase cDNA (29) and thymidine kinase cDNA (30) isolated from the same human cDNA library as we used do not have this unique structure.
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Two polyadenylation signal (AATAAA) sequences were found in the 3'-untranslated region (nucleotide positions 1126 and 1414), as shown in Fig. 2 .
We previously observed that a primary transformant 11-1 (FSthy-ll/thyH' f -l) and a secondary transformant D3 (FSthy_-ll/_thy_H + -D3) produced active human thvmidylate synthase mRNA with approx. 1,600 nucleotides, while a secondary transformant CO (FSthy-nAthyH + -CO) produced the mRNA with approx. 1,400 nucleotides (9) . The larger mRNA is very similar in size to the cDNA insert in pcHTS-1, while the smaller mRNA is very similar in size to mRNA that might be formed using the polyadenylation signal nucleotide position 1126. In this connection, it is interesting that the dihydrofolate reductase gene of mouse (31) , Chinese hamster (32) and human (33) cells produces multiple polyadenylated mRNAs of distinct sizes , presumably formed using different polyadenylation signals in the 3'-untranslated region.
